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Circadian time signatures of fitness
and disease
Joseph Bass1* and Mitchell A. Lazar2,3*

Biological clocks are autonomous anticipatory oscillators that play a critical role
in the organization and information processing from genome to whole organisms.
Transformative advances into the clock system have opened insight into fundamental
mechanisms through which clocks program energy transfer from sunlight into
organic matter and potential energy, in addition to cell development and genotoxic
stress response. The identification of clocks in nearly every single cell of the
body raises questions as to how this gives rise to rhythmic physiology in
multicellular organisms and how environmental signals entrain clocks to geophysical
time. Here, we consider advances in understanding how regulatory networks
emergent in clocks give rise to cell type–specific functions within tissues to
affect homeostasis.

D
evelopments in genetics and biochemistry
have revealed pervasive regulation of cell
and organismal function on a 24-hour cir-
cadian time scale across all photosensitive
forms of life. The observation that photo-

sensitive forms of life exhibit intrinsic timekeeping
mechanismswas first established in the 18th cen-
tury by deMairan’s observation of the autonomous
leaf movement of the Mimosa plant. Internal
circadian clocks emerged in cyanobacteria, the
first organism capable of oxygenic photosynthesis,
more than 2.5 billion years ago and enabled the
anticipation of daily changes in the light-dark
environment tied to the rotation of Earth. In-
sight into the selective advantage of temporal
organization in lower organisms has focused
on the integral role of clocks in DNA damage
repair, the timing of oxygenic photosynthesis, and
how temporal organization provides a means of
averting futile energetic cycles.
The subsequent discovery of the molecular

clock in animals established that genes control
behavior. The circadian system is fundamentally
a genetically encoded anticipatory mechanism
that underlies both gene-environment and brain-
behavioral interactions. As such, the study of mo-
lecular clocks provides insight into the dynamic
control of genome biology and its link to systems
physiology (Fig. 1). Here, we review progress in
establishing the temporal principles of circadian
regulation at the level of genome dynamics, and
the role of both proper timing and mistiming
in fitness and pathologic conditions. Our focus is
mainly on findings applicable tomammalian cell
and organismal physiology, althoughwhere appro-

priate, we provide reference to advances from
prokaryotic, plant, and Drosphila melanogaster
experimentation.

Properties of the core clock and its
output mechanisms
Nearly two centuries after de Mairan, Konopka
and Benzer demonstrated in D. melanogaster
that a single locus controls these rhythms in
animals, although the molecular and cellular
basis for this observation was not known (1). For-
mulation of the properties of these oscillators was
transformed more than 14 years later with posi-
tional cloning of core clock genes and recognition
that these encode transcription factors (TFs) that
underlie daily rhythms of locomotor activity.
The discovery that PER (for “Period”), the first

identified clock TF, itself undergoes 24 hours
cycling (2) led to the idea that oscillation of the
molecular clock relies on negative feedback, a
central tenet in the field. PER is itself a repressor
of the expression of transcriptional activators
(a CLOCK/BMAL1 or CLOCK/NPAS2 heterodimer
in mammals) that function in the forward limb
as the transcriptional feedback loop. In mammals,
the repressive TFs of the clock include the PER
heterodimer partner called CRY (for “Crypto-
chrome”), in addition to a second level of re-
pression mediated by another TF called Rev-erb

(Fig. 2). Each day, entrainment of
the clock to light occurs through
activation of Per gene transcription
in the negative limb, followed by
its nuclear translocation and then
repression of the activator limb (3).
All of these factors have been

validated by using loss-of-function
genetic models in mice. Intriguingly,
several clock TFs—including PER,
CLOCK,BMAL1, andNPAS2—contain
a motif called the PAS domain that
is found in other TFs that respond to
environmental metabolites, xenobiot-
ics, and oxygen fluctuation. More-
over, Rev-erb is a member of the
nuclear receptor (NR) superfamily
composed of TFs that respond to
hormones, metabolites, and xeno-
biotics. Indeed, both Rev-erba and
Rev-erbb have been shown to bind
and respond tomolecular heme (4, 5),
and the activating NR that opposes
Rev-erb function, called ROR, is also
regulated by metabolites, including
cholesterol and other sterols (6).
Thus, whereas the clock transcrip-
tional process exhibits fixed 24-hour
periodicity, the core clock compo-
nents may also sense fluctuations
in the cellular environment (7).
In addition to regulation of gene

transcription through feedback
repression, posttranslational sig-
naling steps plays a central role in
setting the correct pace of the clock
cycle (Fig. 2). Best characterized in
animal clocks has been the action
of the casein kinase proteins, which
phosphorylate and thereby modu-
late stability of the PER proteins
and temperature invariance of the
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Fig. 1. Geophysical time drives circadian maintenance of
homeostasis. The molecular clock is composed of an auto-
regulatory negative transcription feedback loop that synchro-
nizes physiology and behavior in anticipation of the light-dark
cycle.The illustration depicts variation in physiology for diurnal
species (active in light); however, circadian cycles also govern
sleep/wake and physiologic processes in nocturnal species
(active in the dark), with an inverted phase. Exposure to sunlight
induces DNA damage each day while also providing energy for
oxygenic photosynthesis, processes that may explain the
evolution of circadian clocks across four kingdoms of life. Clocks
partition oxygenic and reductive metabolic cycles each day and
separate these in coordination with the sleep/wake cycle. Al-
thoughmany physiologic processesmaintain constancy of the
internal milieu, including glucose metabolism, response to
perturbation is tuned to circadian time.
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clock cycle (8). In addition,members of the F-box
cullin-like family of ubiquitin ligases Fbxl3 and
Fbxl21 mediate CRY stability and proteasomal
degradation (3). Phenotype-driven genetic screens
and proteomic analysis of clock repressor com-
plexes have highlighted the importance of phos-
phorylation and the interplay between activator
and repressor complexes as a determinant of the
circadian periodicity (9). Despite these advances,
fundamental biochemical properties of the cir-
cadian clock remain unexplained, especially how
the time constant remains invariant even when
temperature shifts up to 10°C. Studies in syn-
dromic sleep disorders in which families with
heritable very early [familial advanced sleep-
phase syndrome (FASPS)] or very late [delayed
sleep-phase syndrome (DSPS)] bedtime tendency
have identified mutations in the orthologous
human clock genes, demonstrating conserva-
tion of the central pacemaker molecules across
humans (10).

Cell type–specific regulation of the core
clock and its outputs

The discovery that the transcriptional clockmech-
anism exists in essentially every cell of the body
was amajor breakthrough that also raised ques-
tions of hierarchy and specificity (11). The clock
mechanism is composed of TFs that work in the
genome by binding to specific DNA sequences;
as such, the basic mechanism of transcriptional
stimulation and negative feedback is universal.
TFs regulate each other’s expression via action
at enhancer and repressor sites, for which access
requires open chromatin. In this context, there is
evidence that the core TFs can act as pioneer
factors to open chromatin that might otherwise
be inaccessible (12, 13).
Yet an early hallmark of the tissue-specific

clock transcriptome was the finding that despite
the large number of oscillating RNAs in most
organs (by some estimates more than 10%) (14),
the identity of oscillatingRNAs is divergent across
tissues (15). Thus, the distinct clock output of each
cell type not only contributes to tissue specificity
but to organ-specific manifestations of circadian
misalignment (Fig. 3). In addition to controlling
each other’s expression, core clock TFs bind and
directly regulate clock output genes.Many of these
clock-controlled genes are expressed in a tissue-
specific manner andmust therefore be regulated
differently than the ubiquitous clock mechanism.
An emerging theme in understanding clock-
dependent, cell type–specific gene regulation is
that core clock TFs act at tissue-specific enhancers
established at clock output genes early in devel-
opment (16–19).
Critical to this are lineage-specific TFs, which

either function as pioneer factors early in ontog-
eny or bind to the genome at particular regions of
chromatin that are already open in specific tissues.
Cell type–specific TFs, such as FOXa in liver (20)
and thepancreatic andduodenal homeobox 1 factor
in pancreas (17), then contribute to further opening
of chromatin through epigenomic mechanisms
involving recruitment of transcriptional coregu-
lators, including enzymes that modify histones or
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Fig. 2. Molecular regulation of cellular circadian processes. A unifying model of the circadian system
involves a defined set of core clock genes that are essential for generation of ~24-hour oscillation in genome-
wide transcription.The heterodimeric basic helix-loop-helix TFsCLOCK/BMAL1 and theCLOCKparalogNPAS2
compose the forward limbof themammalian clockandbind togenomicenhancerelements topositivelycontrol
circadian clock output genes aswell as two distinct repressive pathways required for the negative feedback
inherent in clock function.The repressive pathways involve the heterodimeric basic helix-loop-helix TFs
PER/CRY and NRs Rev-erba/b, which function both competitively and noncompetitively with activating
ROR NRs at Rev-erb/ROR-response element (RRE)–containing enhancers that control Bmal1 transcrip-
tion as well as circadian clock output genes.The clock cycle is regulated through turnover of the repressors
after phosophorylation mediated by CK1e/d and executed through ubiquitin-mediated proteasomal
degradation involving FBXL3. Posttranscriptional regulation also plays a role in physiologic rhythms,
including rhythmic regulation of RNA polyadenylation. Clock factors act through both direct and indirect
mechanisms through binding to cell type–specific enhancers far from the transcription start site to regulate
a wide array of clock-controlled genes. Both generation of the core clock transcription cycle and its output
rhythms engage numerous epigenetic modifiers such as HDACs, methyltransferases, and nucleosome re-
modeling factors. Clock cycles are also sensitive to environmental signals, includingmetabolites, DNA damage
activation, andsignal transductionpathways, all ofwhich feedback tomodulate rhythmic transcriptionbutdoso
differently in distinct tissues in both physiologic and pathologic states. HLF, hepatic leukemia factor;
TEF, thyrotroph embryonic factor; DBP, albumin D-box binding protein.
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remodel nucleosomes. This opens up binding
sites that core clock TFs directly recognize via
their DNA-binding specificity, and their bind-
ing further alters the epigenome via recruitment
of coregulatory complexes. For example, his-
tone acetylation controlled by histone acetyl-

transferases (HATs) and histone deacetylases
(HDACs) is highly circadian across the genome
at tissue-specific enhancers dictated by core TFs
within the liver (18, 19). Further, regulation of
histone methylation status also contributes to
circadian transcription timing (21, 22). Comple-

menting these direct mechanisms, the core TFs
can also act indirectly by tethering to the cell
type–specific factor even in the absence of a nearby
canonical binding site. For Rev-erba, this pro-
vides a means of regulating circadian output
genes independently of RORs, which compete
for control of core clock genes (23). In this con-
text, there is evidence that the core TFs can act as
pioneer factors to open chromatin that might
otherwise be inaccessible.
Adding another layer of complexity to ge-

nomic activity of circadian TFs has been the iden-
tification of interactions between the core clock
repressor CRY and the glucocorticoid receptor
(GR). CRYbindingmodulates the balance between
activating and repressive functions of the GR (24),
and this coupling is perhaps consistent with the
large number of sites that CRY occupies genome-
wide. Moreover, whereas original predictions
of clock-controlled genes focused on promoter
proximal elements, genomic approaches revealed
a broader portrait of clock regulation encom-
passing a far wider range of cell type–specific
locations residing many thousands of nucleo-
tides distant from classical regulatory regions
(16, 25).
Regulation of transcription by core clock TFs

is also controlled by metabolites such as acetyl
coenzyme A (CoA), S-adenosyl methionine, and
nicotinamide adenine dinucleotide (oxidized form)
(NAD+). For example, the activating TFs, including
BMAL1, recruit HATs, including p300 and CBP
[cyclic adenosinemonophosphate (cAMP) response
element–binding protein (CREB)–binding protein],
whose activity requires acetyl CoA, whichmay be
rate-limiting. Furthermore, the activity of the
clock proteins can be modulated by their own
acetylation, as well as their deacetylation con-
trolled by the sirtuin SIRT1, whose activity is
regulated by NAD+ (26, 27). NAD+ synthesis is
in turn regulated in a circadian manner by the
core clock through both direct (28, 29) and in-
direct control of the rate-limiting salvage pathway
enzyme nicotinamide phosphoribosyltransferase
(NAMPT), a robustly cycling transcript. NAD+

levels are furthermodified by reduction toNADH,
as determined by energy transfer, which is cell
type–specific and additionally regulated by meta-
bolic demands. The circadian production of NAD+

also controls the activity of mitochondrial SIRT3,
whichmodulates cellular respiration (30).Mount-
ing evidence further suggests that both NAD+

levels and circadian function decline with age,
perhaps in part because of the consumption of
NAD+ with poly(ADP-ribose) polymerase (PARP)
activity in response to cumulative genotoxic
stress. In this context, reducedorganismal “fitness”
during aging may be attributable in part to age-
related decline in activity of NAD-SIRT1, in turn
reducing clock function (31). The transcriptional
activities of the core clock components of the
NR family, Rev-erba/b and RORa/g, are addi-
tionally regulated by heme and cholesterol,
respectively, which are also products of cellular
oxidative metabolism (the bidirectional signals
affecting themolecular clock cycle are illustrated
in Fig. 2).
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Fig. 3. Circadian systems in physiological cross-talk and disease.The circadian system is organized
hierarchically withmaster pacemaker neurons in the central nervous system entrained to light each day, in
turn conducting a distributed network of local clocks expressed inmost peripheral cells and tissues.Within
the brain, the clock plays a role not only in maintaining the timing of sleep/wake cycle relative to light but
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There are many unanswered questions about
the role of the cell-autonomous circadian clock
and its tissue-specific function and outputs. In
this context, it is important to note that RNA
rhythms alone do not capture the full spectrum
of clock-controlled networks; for instance, both
poly-adenylation and oscillation of the proteome
have been shown to exhibit rhythmic regulation
(32, 33). Further, rhythmic oscillation of the
redox state of the antioxidant peroxiredoxin
proteins has been demonstrated in organisms
ranging fromeubacteria to human red blood cells,
indicating that metabolic oscillations may main-
tain an additional level of timekeeping (34, 35).
It has been speculated that the other rhythmic
processes, such as the cell cycle, may be coupled
to the clock mechanism, and indeed, in isolated
cells both the circadian clock and the cell cycles
may be synchronized through sequential nutrient
restriction and stimulation. Nonetheless, whereas
the periodicity of cell cycle varies across tissues in
response to nutrient conditions and growth fac-
tors, a key feature of the circadian clock is its
invariant 24-hour rhythmicity, leaving open the
question as to how local factors may align these
distinct processes.

Systems-level circadian organization

Although the clock mechanism appears to be
quite similar across cell types, it is critical to
understand the extent and mechanism of co-
ordination with the central clock. The expression
of core clock genes in animals is highly syn-
chronized under free-running conditions via the
control of the central clock in the suprachias-
matic nucleus (SCN), which exerts its influence
through the rhythmic integration of the sleep-wake
cycle, neuroendocrine circuits, and autonomic
nervous system. Light, the dominant Zeitgeber
of behavioral rhythms, activates specialized photo-
receptor cells expressing the pigment melanopsin
(36, 37) that in turn tracks via retinal hypothalamic
projections to the SCN. SCN neurons exhibit
photic resetting through the induction of imme-
diate early genes downstreamof the salt-inducible
kinase 1 and CREB-regulated transcription co-
activator 1 (38). Redox flux within the SCN has
also been shown tomodulate excitability of these
neurons (39). SCN projections in turn entrain
hypothalamic areas central to sleep and arousal
through projections to the ventrolateral preoptic
area (VLPO), lateral hypothalamic area (LHA),
and midbrain [addressed in depth in (40)].
Although themolecular underpinnings of sleep

remain largelymysterious, analyses of narcolepsy,
a syndrome characterized by abrupt episodes of
somnolence and cataplexy, have uncovered a
role of the hypocretin/orexin as a neuropeptide
connecting circadian and metabolic systems. In-
deed, mutations in the ORX2 receptor lead to a
Mendelian form of canine narcolepsy (41), where-
as in mice, ablation of the ORX receptor alters
energetics and susceptibility to diet-induced obe-
sity (42). Further support for a functional con-
vergence between circadian systems and energy
balance comes from the finding that genetic
disruption of the molecular clock in mice leads

to a combination of sleep disturbance (FT), obe-
sity, and metabolic syndrome (43). Indeed, the
observation of sleep alteration acrossmost genetic
models of circadian TF disruption underscores
the interconnection between circadian and sleep
processes (44). Further, mutations of mouse and
human Dec2, which represses clock activator
proteins, also leads to short sleep (45). Intrigu-
ingly, human subjects with narcolepsy display
a tendency for increased body weight, empha-
sizing the close molecular, genetic, and ana-
tomic interplay between centers controlling
sleep-wake cycles, appetitive circuits, and ener-
gy balance (46).
A distinct aspect of SCN neurons is that the

rhythmic output from these cells arises from
neuronal coupling, which is thought to render
the pacemaker highly stable to signals that shift
peripheral tissue clocks (47), most notably the
liver, which can be entrained by restricting food
availability to the light period when animals are
not typically eating and at rest (48, 49). In
addition to feeding schedule, the nutritional state
of an organism can have major effects on cir-
cadian rhythms of extra-SCN neurons and pe-
ripheral tissues (50, 51), although the detailed
mechanisms through which individual tissues
respond to such changes remains incompletely
known.
The circadian clocks of cultured cells can also

be synchronized by glucocorticoids and temper-
ature shifts (52–54). In addition, circadian con-
trol of temperature rhythms in turn generates
rhythmic induction of cold-inducible RNA-binding
protein, generating rhythmic variation in RNA
splicing (55). Moreover, there is evidence that the
peripheral clocks of intact organisms can be syn-
chronized by an as yet unknown blood-borne
factor that activates transcription mediated by
the serum responsive factor (56). Furthermore,
systemic changes in the metabolic state of the
organism emanating frompathology in one tissue
(for example, hypoxia due to lung disease) could
lead to changes in metabolites, such as NAD+

affecting other tissues and cell types in the
manner describedabove. Also, the systemic burden
of cancer can alter circadian rhythms in peripheral
tissues, and circadian disruption may exacerbate
tumor growth (57). A major unanswered question
concerns the interplay of these multiple systemic
factors in controlling the phase and synchrony of
circadian rhythms in the living organism. This is a
very complex issue, but progress will be critical to
better understand normal physiology as well as
the mechanisms by which circadian desynchrony
predisposes to disease. Another unresolved point
is whether clock TFs might participate in early
stages of tissue ontogeny, as suggested by studies
of clock function in stem cell differentiation and
malignancy (58, 59).

Physiology and pathophysiology:
What’s right in fitness and goes
wrong in disease?

An anchoring concept in considering how and
why timing has evolved derives from Bernard
and Cannon’s concept of homeostasis as the self-

organizing ability of multicellular organisms to
maintain a constant internal milieu. Whereas
homeostasis in a biochemical pathway adjusts
to the steady state with environmental pertur-
bation, the circadian oscillatory process enables
anticipation of recurrent variation arising from
the light-dark cycle. Clocks represent a paradigm
of how genes interact with environment and,
in animals, how the central nervous system co-
ordinates behavior with peripheral tissue phys-
iology. Organ-specific disease states ensue when
these mechanisms are challenged beyond the
limits of homeostasis (Fig. 3).
The observation that clocks with near-24-hour

periods are found across all kingdoms of life
suggests that intrinsic timekeeping provides
a selective advantage. Resonance studies have
shown that variants with short or long period
lengths survive best when the external light cycle
matches the internal period length in prokary-
otes (60). Although proof of selective advantage
is harder to come by in mammals, there do
appear to be health benefits related to circadian
alignment. For example, clinical studies in which
circadianmisalignment has been introduced in a
controlled laboratory setting in human subjects
result in severe dysregulation of glucose homeo-
stasis, insulin action, and appetitive control (61,62).
Whereas misalignment of feeding time with
endogenous clock time contributes todiet-induced
obesity in mouse models (50, 63), alignment of
feeding and activity through restriction of food
access to the nighttime in rodents protects from
fatty liver (64), and similar strategies to control
eating time may likewise improve human meta-
bolic health (65).
In human subjects, a metric of period length

can be estimated based on bedtime and waking
propensity because the phase of sleep/wake cycle
with respect to day/night hours corresponds with
individual chronotype. Such stratification indi-
cates that individuals with mismatched internal
circadian cycles with the 24-hour day also exhibit
increased risk of disorders such as obesity (66).
Population analyses such as the Nurse’s Health
Study further indicate that individuals subjected
to shiftwork, a condition characterized by chronic
and repeatedmisalignment between internal clock
time and the external light/dark cycle, associated
with greater incidence of breast cancer (67) and
metabolic disease (68). Exposure to blue light at
night with electronic readers and staying up late
on weekends (referred to as social jetlag) may
induce circadian disturbance similar to effects
of shiftwork (66, 69), suggesting that the risk of
shiftwork disorder may be more widespread than
anticipated fromwork schedules alone. Sleep loss
itself has been implicated in metabolic and pro-
liferative disorders, and the effects may be dif-
ficult to separate from circadian disruption per se
because the two processes are intimately inter-
related. Although beyond the scope of the present
Review, both sleep and circadian disruption have
also been tied to neurodegenerative and mood
disorders. A unifying concept may be that tempo-
ral disruption common in modern society estab-
lishes a chronic challengewith respect to circadian
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cycles. Our 24-hour clock was fixed in time before
the advent of electric light, jet travel, blue light–
emitting computer screens, and 24/7 food avail-
ability; circadian disruption may be thought of as
a sustained environmental stressor leading to
ongoing conflict between endogenous biologic
cycles and the environment.
Whereas disruption of the circadian system

arises under imposed shiftwork conditions, clock
function also declines with aging in mammals
(70), raising the possibility that dysregulation of
circadian processes may be a factor contributing
to diseases of aging. Indeed, life span extension
associated with caloric restriction can be abro-
gated through disruption of the clock in insects
(71), whereas disruption of core clock genes has
also been associated with hallmarks of early
aging in mice (72). Insofar as accumulation of
DNA damage and cancer risk also increase with
aging, emerging epidemiologic and experimen-
tal evidence has implicated clock disruption as a
factor in tumorigenesis. Studies in Per2 mutant
mice have revealed increased radiation-induced
lymphoma associated with dysregulation of cell
cycle (73), whereas abrogation of both activator
and repressor arms of the clock was shown to
sensitize to lung tumorigenesis (57). In contrast,
disruption of the Cry gene in mice has been im-
plicated in tumor protection because of increased
susceptibility to cell death (74). Conversely, DNA
damage has been shown to shift circadian oscil-
lations because of sequestration of Cry1 by the
deubiquitinase Herpes virus–associated ubiquitin-
specific protease (75). Bidirectional interplay
between clock TFs and the oncogene Myc also
facilitates tumor cell glycolysis (76).
The rhythmic coupling of circadian transcrip-

tion and DNA repair, involving enzymes such as
photolyases, may align the zenith of repair with
the peak of ultraviolet genotoxic effects of Sun
exposure each day (77). Alternatively, circadian
cycles involving antioxidant enzymes such as the
peroxiredoxins may provide rhythmic protection
against the toxic effects of superoxide radicals
produced during the oxygenic phase of the photo-
synthetic reaction cycle. In either case, circadian
variation in cell functions has implications for
chronopharmacology in cancer and other dis-
eases, in which optimizing treatments may ben-
efit from delivery of agents at specific times in
the day/night cycle (78).
A key question arising from the connections

between circadian function, aging, andorganismal
health relates to the observation that clocks are
present not only in the brain but also throughout
the body, where they exert broad effects at every
level of organization, from genome regulation
to control of protein biosynthesis and cell signaling.
In this regard, impaired glucose metabolism is
another hallmark of aging that has escalated
coincident with the secular trend of circadian
disruption due to light at night, shiftwork, and
jet travel. In the past decade, experimental and
human genetic studies have providedmechanistic
insight into cell-specific pathways through which
circadian disruption affects disease andmetabolic
physiology. Intrinsic rhythms of glucose metab-

olism have been well-characterized in human
studies (79). Indeed, human genome-wide asso-
ciation studies using blood glucose as a pheno-
type have identified polymorphisms in both CRY2
(80) and the melatonin receptor 1b (MTR1B) (81)
with glucose levels, which is concordant with
experimental genetic analyses showing that cir-
cadian gene ablation in pancreas leads to b-cell
failure and diabetes mellitus (82). Genetic studies
have also shown that ablation of the liver clock
results in fasting-induced hypoglycemia due to
impaired oxidative metabolism, indicating op-
posing actions of the clock in liver and pancreas.
Indeed, the circadian system is crucial for pan-
creatic b-cell health throughout life because
ablation limited to adulthood severely impairs
insulin secretion (17).
With regard to studies in the mouse, analyses

acrossmultiple time points and studies in organo-
typic explants provide complementary strategies
to address whether particular pathologies arise
beause of circadian disruption, or instead arise
because of actions of clock factors independent
of their function in timekeeping. In addition to
studies of glucose regulation, clinical and exper-
imental genetic studies have also elucidated the
mechanism underlying the clustering of hyper-
tensive crises and myocardial infarction in early
morning. Indeed, SCN control of both the auto-
nomic nervous system and neuroendocrine sys-
tem directly controls daily variation in vascular
tone,whereas cell-intrinsic clocks have been shown
to contribute to atherogenesis and possibly to
thromboembolic disease (83, 84). Uncovering
new facets of pathophysiology in individuals
with shiftwork disorder such as diabetesmellitus
and cardiovascular disease may pave the way to
specifically treat the molecular clock in attempts
to reverse diseases of misalignment. Although
still in an early phase, small-molecule agonists of
the clock have been shown to exert beneficial
effects on metabolism (85).

Conclusions

The mechanism of circadian timing can now
be understood as involving negative transcrip-
tional feedback driving self-sustained rhythms
within cells and organisms in anticipation of
the light-dark cycle. The molecular circadian
clock exerts broad effects at each level of orga-
nization, from gene transcription to inter-organ
communication that is essential for physiologic
homeostasis. Although remarkable strides have
been made in identifying core components of
the clock, major questions remain regarding the
biophysical mechanisms underlying transcrip-
tional oscillations, including an elucidation of
the kinetic determinants of the 24-hour harmonic,
the origin of temperature invariance, and the
basis of entrainment. Increasing evidence has
revealed an important influence of the clock cycle
on genome-wide transcription, although how
core clock factors affect the assembly and inter-
play of coactivator and corepressor complexes to
modulate transcription, particularly within cell
type–specific enhancers, and how posttranslational
modifications, nutrient environment, and cell

signaling might influence transcriptional cycles
remains incompletely understood. Still unresolved
is the question of whether biochemical reactions,
such as redox oscillators, might produce auton-
omous circadian rhythms in anucleated cells or
in tissues devoid of transcription.
The societal custom of moving the clock

backward each fall provides a reminder of the
potential for conflict between artificial light and
our inner timepiece, which is entrained by the
Sun and set to the 24-hour day. Understanding
how regulatory networks emergent in the clock
maintain temporal homeostasis has implications
for the design of both human and experimental
animal studies, in which time of day has been
largely ignored. Including time as a variable may
open new insight into pathophysiology in basic
studies of behavior, metabolism, cardiovascular
disease, cancer, and even aging. This concept ex-
tends from the organism to its component tissues,
whose specialized functions depend on circadian
rhythms much as varied genres of music all rely
on time signatures. Indeed, the full reach of time
was eloquently captured by jazz great Duke
Ellington with his declaration that “It don’t
mean a thing if it ain’t got that swing.”
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Immunity around the clock
Kevin Man,1 Andrew Loudon,2* Ajay Chawla1,3*

Immunity is a high-cost, high-benefit trait that defends against pathogens and noxious
stimuli but whose overactivation can result in immunopathologies and sometimes even
death. Because many immune parameters oscillate rhythmically with the time of day, the
circadian clock has emerged as an important gatekeeper for reducing immunity-associated
costs, which, in turn, enhances organismal fitness. This is mediated by interactions between
extrinsic environmental cues and the intrinsic oscillators of immune cells, which together
optimize immune responses throughout the circadian cycle. The elucidation of these
clock-controlled immunomodulatory mechanisms might uncover new approaches for
treating infections and chronic inflammatory diseases.

V
irtually all life on Earth is exposed to reg-
ular 24-hour environmental cycles gener-
ated by the planet’s rotation. This in turn
has led to the evolution of daily (circadian)
rhythms, driven by cell-autonomous bio-

logical clocks, which enable organisms to antic-
ipate and adapt to the temporal changes in their
environment (1). The sleep-wake cycle is per-
haps the most obvious output of the circadian
system, but numerous other physiological sys-
tems are under circadian control, including be-
havior and locomotor activity; body temperature;
the cardiovascular, digestive, and endocrine sys-
tems; and metabolic and immune functions (2–7).
In mammals, the central circadian pacemaker

is located in the suprachiasmatic nucleus (SCN),
which entrains peripheral clocks found in nearly
every cell of the body (2, 3). The SCN oscillator
has two distinct properties. First, it is the only
part of the circadian system that has retinal in-
nervation, allowing it to be entrained by the so-
lar cycle. Second, unlike the peripheral clocks,
which dampen over time, the interneuronal sig-
naling pathways that establish communication
between the SCN neurons endow it with an un-
limited capacity to generate circadian outputs.
At the organism level, circadian coherence in
peripheral tissues is maintained by rhythmic
generation of entrainment cues by the SCN, in-
cluding circadian oscillations in body temper-
ature, activity of the sympathetic nervous system
(SNS), and circulating concentrations of gluco-
corticoids. The coherence between central and
peripheral circadian clocks confers an adaptive
advantage, and its disruption has been sug-
gested to decrease organismal fitness. In support
of this, lifestyles that disrupt inherent timing
systems, such as exposure to abnormal lighting
schedules in chronic shift work, are associated
with an increased risk of cancer, metabolic dis-
orders, and cardiovascular and cerebrovascular

disease (4). Also, many human diseases exhibit
circadian rhythmicity in their pathology, includ-
ing myocardial infarction, asthma, and rheuma-
toid arthritis (4, 5).
Although diurnal variation in host immune

responses to lethal infection was demonstrated
over 50 years ago (8, 9), only recently have
studies started to uncover the multiple aspects
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Fig. 1. Interlocking loops of the molecular clock
drive immune responses.The circadian pacemaker
is controlled by three interlocked transcription-
translation feedback loops, involving rhythmic tran-
scriptional repressors that act on D-box, E-box, and
RORE sites. Genes driving the core clockwork also
regulate multiple noncircadian pathways. Two of
the circadian oscillators, NFIL3 and RORa, also
regulate development of ILCs and TH17 cells. Lines
terminating in perpendicular bars denote inhibition.
DBP, albumin D-box binding protein; CRYs, crypto-
chromes; PERs, Periods.
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